Because posterior cruciate ligament (PCL) resection makes flexion gaps wider in total knee replacement (TKR), preserving or sacrificing a PCL affects the gap equivalence; however, there are no criteria for the PCL resection that consider gap situations of each knee. This study aims to investigate gap characteristics of knees and to consider the criteria for PCL resection.
Introduction
Total knee replacement (TKR) is widely available, and there are two main types of component design: posterior cruciate ligament (PCL) preserving or substitute. Both cruciate retaining (CR) and posterior substitute (PS) components have been reported to have good clinical results. [1] [2] [3] [4] [5] The difference between CR and PS components regarding PCL function usually concerns posterior roll back during knee bending. 6, 7 The CR component was expected to produce the roll back as a remaining PCL function; however, some fluoroscopic movement analysis studies revealed paradoxical anterior movement in CR TKR, 8, 9 while the PS component drives the constant roll back function through the post/cam mechanism. 6 Some authors have reported that when the PCL, a strong stabiliser of the knee joint, is resected in an anterior cruciate ligament (ACL-) deficient knee during TKR surgery, the flexion gap becomes wider than the extension gap on average. 10, 11 Although adequate gap control in knee extension and flexion is important in both CR and PS TKR and sacrificing or sparing PCL influences the equality of the extension and flexion gap, there is no criteria for preserving or sacrificing PCL that consider the gap situations of each knee.
In this study, the PCL was considered only as the stabiliser between the femur and the tibia, and component selection (CR or PS) was determined only by intraoperative gap measurement, without considering other functions of the PCL such as 'roll back'. The extension and flexion gaps were measured intra-operatively, first with the PCL intact in all cases. In cases in which the flexion gap was considered too small to set the components, the PCL was removed and the gaps were measured to estimate the degree to which they were increased by resection.
Materials and Methods
Between August 2008 and September 2010, 82 patients (65 female, 17 male) with osteoarthritis of the knee (102 knees; 81 female, 21 male), operated on by a single surgeon (RK) using a Scorpio NRG (Stryker, Kalamazoo, Michigan) and a tension device system with a 30 lbs distraction force, were enrolled in this study. Seven knees were excluded because of lack of intra-operative measurement data. Mean age at operation was 73 years (56 to 91). To assess the influence of pre-operative flexion contracture concerning the extension-flexion gap imbalance, materials were divided into two groups. Cases with pre-operative flexion contracture < 20° and ≥ 20° were placed in groups A and B, respectively, as according to Berend, Lombardi and Adams, 12 division at 20° of flexion contracture is important.
At the beginning of the surgery, the extension gap was created with a standard 8 mm femoral distal cut and a 10 mm tibial cut. To measure the flexion gap easily with the PCL intact before the final femoral cut, it was necessary to create a small temporary gap in flexion. For this purpose, a pre-cut of the femoral posterior condyle was performed with a 4-in-1 femoral cutting guide, which was 4 mm longer in the anterior-posterior dimension than the measured size; therefore, a pre-cutting line was 4 mm posterior compared with a cutting line for the measured resection technique (Fig. 1) . With this technique, the flexion gap created was 4 mm smaller than the flexion gap typically produced by the measured resection technique, and it was easy to remove even large posterior osteophytes through the small flexion gap made by the pre-cut. After removal of all osteophytes, the patella was reduced, and the gaps were measured by an offset knee balancer with a distraction force of 30 lbs. (Fig. 2) . The extension gap was measured with the lower limb in a straight position on the operating table. The flexion gap was measured with the thigh held by the surgeon's hand with resting pressure to prevent lifting of the lower leg.
To compare both gaps, the flexion gap was corrected by the length of the pre-cut. This corrected gap, which is a theoretical amount and not the actual final flexion gap, is the same as a flexion gap produced by the measured resection technique. A component type was selected according to the extension and corrected flexion gap. If there was enough space to set the all components on the femur and tibia in flexion with the PCL intact, the CR component was implanted; otherwise, the PCL was resected and the PS component selected. The degree to which PCL resection increased the two gaps was also measured in PS cases. If necessary, soft tissue was released for good ligament balance. An additional distal cut of the femur was considered in cases where the extension gap was too small compared with the flexion gap. At the final step of the surgery, the optimal size of the femoral component for an adequate extension and flexion space was estimated. At this time, if a 4 mm additional bone resection was performed, it became the same surgical procedure as the measured resection technique. A smaller or bigger bone resection than 4 mm could be chosen for an adequate flexion gap as with the gap technique. Specifically, it could be adjusted to up to 4 mm larger than the measured size of the femoral component (Fig. 1) .
The Student's t-test and paired t-test were applied for statistical analysis; a p value of < 0.05 was considered statistically significant and results presented as mean and SD.
Results
After initial bone cutting by a femoral posterior condylar pre-cut with the PCL intact, the extension gap ranged from 9 mm to 24 mm (16.9 mm (SD 2.9)), and the corrected flexion gap by the amount of the pre-cut ranged from 13 mm to 30 mm (20.5 mm (SD 3.2)). There were wide variations in both gaps and neither could be predicted pre-operatively. The flexion gap was larger than the extension gap in almost all of the cases and the difference was significant (p < 0.001, Fig. 3 ). The difference between the two gaps ranged from -3 mm to 12 mm (3.6 mm (SD 2.7)). It seemed too wide to make equal extension and flexion gaps in every case (Fig. 4a) . The extension and corrected flexion gaps were 17.2 mm (SD 3.0) and 20.6 mm (SD 3.2) in group A and 16.3 mm (SD 2.8) and 20.2 mm (SD 3.3) in group B, respectively. The difference of the mean extension gap between the two groups was only 0.9 mm, which was not significantly different, and there was no significant difference in flexion gap between both groups (Fig. 5) .
The difference between the extension and flexion gap is the most important factor to make equal-sized extension-flexion gaps; this difference was also assessed in both groups. The mean differences between the extension and corrected flexion gap were 3.4 mm (SD 2.5) in group A and 3.9 mm (SD 3.0) in group B, which was not statistically significant. The variation of extension-flexion gap difference was very wide in both groups; however, cases of excessive gap difference (> 8 mm) were more common in group B (Fig. 4b) .
Based on the measured gaps, the CR component was selected for use in 73 knees, and PS was used in only 29 knees. In the cases in which the PS was selected, the gap increase following PCL resection ranged from 0 mm to 3 mm (0.6 mm (SD 0.9)) in extension and from 0 mm to 7 mm (2.7 mm (SD 2.0)) in flexion, and the difference between the increases in both gaps was significant (p < 0.001). The gap increase in extension was 0 mm or 1 mm in almost all of the cases. Meanwhile, the variation of the flexion gap increase was too wide to predict before PCL resection (Fig. 6) .
Selection of CR or PS is related to the amount of the flexion gap and the size of the femoral component, regardless of the pre-operative contracture or posterior osteophytes. Using a CR component, in the case of a small flexion gap a smaller femoral component is sufficient to create an appropriate flexion space, but it leads to undesirable reduction of a posterior condylar offset. In large flexion gap cases when the PS component is selected, the size of a femoral component needs to be larger, but there might be some limitations concerning medial-lateral over-size. Our results indicate a wide range of both gaps and a difficulty to know the gaps in each case preoperatively. We used the CR component if there was enough space to set the components in flexion with the PCL intact; otherwise, the PS component was implanted. This concept developed a criteria in order to make the decision as to whether or not to preserve the PCL: cases with 18 mm (minimum space to set the component) or more flexion gap and larger flexion gap than extension gap were suitable for a CR component; any other cases were suitable for a PS component (Fig. 3) . As a result of using these criteria, in our cases, most knees were implanted with the adequate femoral component size relative to the measured size of the femur in those implanted with either CR or PS components (Fig. 7) . Graph showing gap increase after posterior cruciate ligament (PCL) resection. The flexion gap increase was significantly larger than extension, and the variation of the flexion gap increase was wide. The gap increases following PCL resection were 0.6 mm (SD 0.9) in extension and 2.7 mm (SD 2.0) in flexion, and the difference between the increases of both gaps was significant (p < 0.001). Graph showing the difference between implanted and measured sizes of the femoral component. Most cases were implanted with ± 1 size compared with the measured size of the femur (CR, cruciate retaining; PS posterior substitute).
Discussion
TKR implant designs and materials have improved in recent decades. However, the selection criteria for use of the CR or PS component, one of the most fundamental factors in TKR, remains obscure. Both components have been widely used, with good clinical results, [1] [2] [3] [4] [5] but there has been limited discussion regarding their faults. [13] [14] [15] [16] [17] [18] [19] Although some surgeons may assert that using the PS component with the gap technique is useful for creating proper gaps during extension and flexion, [16] [17] [18] [19] there are simple limitations. It is not always easy to remove large posterior osteophytes with the gap technique, which may have some influence on the gaps unless femoral posterior condyles are resected. If the posterior osteophytes are removed after both the extension and flexion gaps are made, these gap amounts will change. 20, 21 We found that flexion gaps were larger than extension gaps in most of the cases, and the PCL resection made flexion gaps wider (up to 7 mm). The gap technique can control the flexion gap by adjusting the size of the femoral component, but there might be some limitations concerning medial-lateral over-size. A large femoral component, relative to the measured size, leads to an undesirable medial-lateral overhang of the femoral component. Meanwhile, our results indicate that the combination of the measured resection technique and the use of a PS component, introduces the possibility of an overly large flexion gap (Figs 3, 4a, 6 ). Following the measured resection of the femur, it is difficult to change the gaps, even if the acquired gaps were inadequate.
On the other hand, the CR component also has some faults. In cases of small flexion gaps due to a tight PCL, it is necessary to diminish the femoral component size with a CR component. This leads to a small femoral posterior offset, which can limit knee flexion. Although, some surgeons may say that it is useful to partially release the PCL in cases of a small flexion gap in CR TKR, there is a limitation. Our results demonstrated that the widening of the flexion gap after PCL resection is variable, and some cases showed minimal increase of flexion gaps, even with complete PCL resection (Fig. 6) .
The reasons why flexion gaps are larger than extension gaps in PCL-maintained knees are multifactorial and ambiguous. One of the reasons is probably related to relative PCL loosening because of ACL deficiency. Christen et al 22 and Heesterbeek et al 23 reported that PCL orientation with the knee at 90° was elevated by tension between the femur and tibia in ACL-deficient knees. The elevated PCL orientation may cause a flexion gap increase with the appropriate distraction force between the femur and tibia.
Another reason for the bigger flexion gap, compared with the extension gap, involves pre-operative flexion contracture, which was generally considered a decreasing factor of extension gaps. 12, [24] [25] [26] Although preoperative flexion contracture is reported to influence extension gaps, we found the mean difference of the extension gaps between groups A and B was only about 1 mm and there was no significant difference (Fig. 5) . In this study, a 30 lbs distraction force was applied to measure the gaps, however, it might not have been enough to reveal the difference. The actual reason as to why there was no significance is still unclear.
From a viewpoint of gap difference between the flexion and extension, a gap difference of 5 mm or more was often seen in both groups A and B; however, extremely difficult cases with > 8 mm difference were more common in group B and there was no case with a larger extension gap than that of the flexion gap in group B (Fig. 4b) . The preoperative flexion contracture could have had some influence on the gap situation in our cases, despite the lack of significant difference in extension gaps between the two groups. Although each factor of PCL orientation and flexion contracture may have small influences on the gaps, the combined effects may become significant.
The importance of equal extension and flexion gaps in TKR has been discussed; however, how this goal is achieved remains unclear. To create adequate extension and flexion gaps, intraoperative gap measurement in each knee and proper component choice are important. As he described, from a view point of gap adjustment, it seems that some knees are not suitable for a PCL-retaining component and some are not suitable for a PCL-substitute component and it is difficult to decide pre-operatively which to use for an adequate gap. Our results support his assertion by numerical data (Fig. 3) . The technique in this report is only aimed at achieving perfect gap control in TKR. For this purpose, PCL function as a roll-back producer was neglected, and the intra-operative gap measurement in PCL preservation was performed to investigate the individual gap characteristics of each knee. Component type was decided intra-operatively by the measured gaps, without any preconceptions.
Our results indicate that the selection of the PS component in all cases would have resulted in much larger flexion gaps in many cases. An adequate extension and flexion gap can be attained to a limited extent, of course, by using a larger femoral component to make the flexion gap smaller and by performing an additional resection of the distal femur to make the extension gaps bigger, but this technique is limited.
Conversely, the use of a CR component in the case of a small flexion gap requires a femoral component smaller than the measured size to optimise the flexion gap, compared with the extension gap. This, however, leads to a smaller posterior condylar offset, which is inappropriate for good knee flexion. Considering the gap amounts and the adequate size of the femoral component, the criteria for PCL preservation or sacrifice can be discussed. To attain an adequately sized femoral component in cases where the extension gap is larger than the flexion gap, it is necessary to create an adequate flexion gap by cutting the PCL (groups 3 and 4, Fig. 3 ). In the cases in which the flexion gap is small, it also becomes necessary to cut the PCL and create a sufficient flexion gap (groups 2 and 3, Fig. 3 ). This is complicated in group 2 (Fig. 3) , and an additional cut of the proximal tibia should be considered first. If the flexion gap is still not large enough, PCL resection should be considered. To achieve the appropriate size for the femoral component and adequate extension and flexion gaps, PCL resection and additional cutting of the distal femur and proximal tibia should be considered. Selection of the PS component leads to safer control of the extension and flexion gaps in groups 2, 3, and 4. Meanwhile, selection of the CR component only leads to better results in group 1, but the number of cases is not small (Fig. 3) . Given the wide variations in the extension and flexion gaps, the difference between the two gaps and the flexion gap increase after PCL resection, it would be difficult to only use one component (CR or PS) in every case. To attain a femoral component of an adequate size that provides appropriate gaps, better results are achieved by deciding which component to use (CR or PS) based on intra-operative gap measurement. Limitations. The chief limitation of this study was the measurement method. In this study, 30 lbs of tension was applied as a distracting force between the femur and tibia. However, it is still unknown how much force is appropriate for gap measurement. Additionally, the influence of gravity on the flexion gap measurement has not yet been discussed. We believe it is better to measure the flexion gap when at least some effort has been made to avoid the influence of the thigh weight. Therefore, we measured the flexion gap with the thigh held by the surgeon's hand to prevent lifting of the lower leg. However, the accuracy of this method is not verified.
